Abstract Cancer-associated fibroblasts have been shown to inhibit or stimulate tumor growth depending on stage, grade, and tumor type. It remains unclear, however, the effect of endometrial-cancer-associated fibroblasts on hormone-driven responses in endometrial cancer. In this study, we investigated the effect of normal and cancer
Introduction
Endometrial cancer is the most common gynecologic malignancy in the USA. The American Cancer Society estimates that in 2014, there will be 52,630 new uterine corpus cancer diagnoses and 8590 estimated deaths [3] . This represents a consistent increase in both the estimated incidence and mortality of patients with uterine corpus cancers. The most common cause of endometrial cancer is unopposed estrogen-induced epithelial proliferation leading to endometrial hyperplasia followed by cancer. Progestins are used in patients who desire to preserve their future fertility, in patients who are not operative candidates due to medical morbidity, and as therapy in women with advanced or recurrent disease. In early stage disease, a variety of progestin formulations have been utilized with an overall response rate of 73 %, but many patients recur off therapy [8] . Most of what is known about the mechanisms of action of progestin therapy in endometrial cancer has come from preclinical studies focusing on the epithelial carcinoma cells. These types of studies often ignore the key role of the tumor microenvironment in the pathogenesis of endometrial cancer.
While the details of the reciprocal, multistep, heterotypic signaling between carcinoma cells and the tumor microenvironment (including stromal fibroblasts) that results in the Electronic supplementary material The online version of this article (doi:10.1007/s12672-015-0223-4) contains supplementary material, which is available to authorized users.
histopathological transformation of normal tissue into malignancy and the progression to metastatic disease remain to be fully elucidated, the importance of these interactions is increasingly being recognized [18, 14, 13, 34] . In the case of endometrial cancer, the development of the endometrium provides insights into these interactions. The endometrial mesenchymal cells play a necessary role for appropriate differentiation and function of endometrial epithelial cells. Reciprocal paracrine signaling driven by fluctuating sex steroid hormones, estrogen and progesterone, determines the epithelial cell identity, morphology, functional expression patterns, proliferation state, and rate of apoptosis [26, 22, 23] . Furthermore, tissue recombination experiments using hormone receptor knockouts have demonstrated the necessity of stromal estrogen and progesterone receptors in modulating the proliferation of endometrial epithelial cells through paracrine signals [10, 26] .
In this study, we report that primary stromal cells isolated from patients with endometrial cancer respond differently to estrogen and progestin exposure compared to cells isolated from cancer-free controls. Benign stromal cell isolates exposed to estrogen and progesterone demonstrated decreased proliferation and produced high levels of IGFBP-1. Both of these responses were blunted in cells derived from endometrial cancer patients. Additionally, in a subcutaneous xenograft model, we showed that the addition of endometrial stroma from patients with or without endometrial cancer had the capacity to influence hormone-regulated growth of a low-grade endometrial cancer cell line.
Materials and Methods

Ethics Statement
All animal experiments were approved by the Northwestern University Animal Care Committee. Endometrial tumors were obtained from women undergoing hysterectomies at Northwestern Memorial Hospital. Patients provided written informed consent before surgery, and these studies were approved by the Northwestern Institutional Review Board in accordance with US Department of Health regulations.
Endometrial Cancer Tissues and Cell Cultures
Ishikawa cells were obtained from S. Bulun (Northwestern University). These cells originated from a well-differentiated endometrial adenocarcinoma with a known PTEN mutation [31, 32] . Ishikawa cells were authenticated by the DNA Sequencing and Analyses Core at the University of Colorado (Christopher Korch) using DNA profiling. Ishikawa cells were maintained in DMEM/F12 (1:1) supplemented with 100 U/ml penicillin, 100 μ Fungizone, and 10 % fetal bovine serum (FBS).
Stromal cells were obtained from normal endometrial tissues and endometrial cancer tissues from surgical specimens (Supplementary Table S3 ). Normal endometrial tissues were obtained from premenopausal women undergoing hysterectomy for uterine leiomyoma or pelvic organ prolapse, from both the proliferative and secretory phases of the menstrual cycle. Endometrial cancer tissues were obtained from premenopausal or postmenopausal women undergoing hysterectomy for biopsy proven endometrial cancer. The tumors collected from patients who consented to participate in this study were greater than 1.5 cm in largest dimension. Hospital pathologist reviewed each case prior to providing a 0.5-1-cm segment of the tumor. The stromal cells that were isolated were taken from these tumors excised from the uterus by pathology personnel. None of the subjects received any preoperative hormonal therapy within 6 months of surgery.
The tissue was minced thoroughly in calcium-and magnesium-free Hanks' Balanced Salt Solution (HBSS). The minced tissue was placed in an enzyme solution containing 0.5 % (w/v) collagenase and 0.02 % DNase (w/v) and incubated for 20 min at 37°C in a shaking water bath. The supernatant was recovered and placed at 4°C. The remaining tissue was further digested in an enzyme solution consisting of 0.5 % (w/v) collagenase, 0.02 % (w/v) DNase, 0.1 % (w/v) hyaluronidase, and 0.1 % (w/v) pronase and processed as described above. The cell suspensions from the first and second digestions were centrifuged at 2000×g for 5 min, and the pellet was resuspended in HBSS. The suspensions were then passed through a 70-μm filter. Cells were cultured in DMEM/F12 (1:1) (Invitrogen, Carlsbad, CA) containing 10 % FBS and penicillin (100 U/ml) and streptomycin (100 U/ml) at 37°C in humidified atmosphere with 5 % CO 2 . Culture medium was changed every 3 days. Cell purity was assessed by immunocytochemistry using antibodies against cytokeratin (Cell Signaling Technology) and vimentin (Calbiochem). The purity of the stromal cell preparations used in these studies was >95 % (Fig. 1 ). All the experiments described were performed within six passages from isolation.
Cell Proliferation
To assess endometrial stromal cell proliferation, BrdU assay (Roche) was used. Endometrial stromal cells were seeded in a 96-well tissue culture treated plate at 1500 cells per well in a 37°C incubator. The cells were allowed to attach 6 h to overnight, washed with phosphate-buffered saline (PBS), and then serum-starved 6 h to overnight in serum-free DMEM/F12 (1:1). The cells were then treated with DMEM/F12 (1:1) supplemented with 1 % FBS depleted of steroids by treatment with dextran-coated charcoal (S-FBS), 10 nM estradiol (E2), and 1 uM medroxyprogesterone acetate (MPA) or ethanol control (final concentration 0.5 % v/v) for 48 h. BrdU was added to each well for a final concentration of 10 μM BrdU 12 h prior to completion of 48-h incubation. Cells were then processed per manufacturer instructions. Each treatment was conducted in quadruplicate.
ELISA Assays
To assess endometrial stromal cell IGFBP-1 production, the Human IGFBP-1 ELISA Kit (RayBio) was used. Endometrial stromal cells were seeded in a 24-well tissue culture treated plate at 1250 cells per well in a 37°C incubator. The cells were allowed to attach overnight and treated with 10 nM E2 and 1 uM MPA or vehicle for 14 days, with media changes every 2 days. Supernatants were harvested and IGFBP-1 concentration was determined in appropriate serial dilutions per manufacturer's instructions. Each treatment was conducted in quadruplicate.
Immunofluorescent Staining
Cells were fixed with 4 % paraformaldehyde (Sigma), and coverslips were then washed with PBS and permeablized with 0.1 % Triton-0.1 % deoxycholate (Sigma). Cells were blocked with 5 % bovine serum albumin (BSA, Sigma) made in PBS. Subsequently, antibodies to progesterone receptor (PR; Dako), cytokeratin (Cell Signaling Technology), and vimentin (Calbiochem) were added to each sample and incubated overnight at 4°C. A fluorescence-conjugated antimouse or antirabbit secondary antibodies (Vector Labs) were incubated for 1 h. After multiple washings, coverslips were mounted with mounting media (Invitrogen) for fluorescence on glass slides, and cells were visualized using a fluorescent inverted microscope, Axiovert 200 (Zeiss).
Western Blot
Whole cell lysates were obtained on ice using the M-PER Mammalian lysis solution (Thermo Scientific) supplemented with protease and phosphatase inhibitors (Sigma). The concentration of protein in the lysates was measured using the Micro BCA kit (Thermo Scientific). Isolated protein samples were run on 8 % acrylamide gels and then transferred onto polyvinylidene difluoride membranes (Whatman). Membranes were blocked in 5 % bovine serum albumin (BSA, Sigma) in TBS-T at room temperature for 1 h. Membranes were then incubated overnight at 4°C with primary antibodies against PR (Dako). The blots were washed four times in TBS-T at room temperature and then incubated with secondary peroxidase-conjugated goat antimouse antibody for 1 h at room temperature. The membranes were developed with the ECL Super Signal West Femto detection kit (Thermo Scientific). The membranes were stripped using Restore Western Blot Stripping Buffer (Pierce) and probed with an antibody to beta-actin (Sigma) for a loading control.
Tumor Xenografts
Four-to 6-week-old CD-1 nude female mice were purchased from Charles River Laboratories. All mice were ovariectomized 2 days prior to xenografting. One million Ishikawa cells with or without two million stromal cells were suspended in ice-cold 1:2 PBS/Matrigel (BD Biosciences) in a total volume of 100 μl and subcutaneously injected in the right and left dorsum of each mouse. Each stromal cell group was composed of a mixture of cells isolated from two different patients. A total of 32 mice were injected in order to have eight mice per group. Four days prior to xenografting, all the mice were implanted subcutaneously with an estrogen pellet (0.1 mg, 60-day release for 1.6 ug/day; Innovative Research of America). Half of the mice additionally had progesterone pellets (150 mg, 60-day release for 2.5 mg/day; Innovative Research of America) implanted subcutaneously. Mice were weighed regularly and tumor sizes were measured. Tumor sizes were measured with calipers through the course of the experiment. Tumor volumes were calculated using the formula: tumor volume=½(length × width) 2 [19] . After 32 days, tumors were excised and fixed for immunohistochemistry or flash frozen for RNA extraction.
Real-Time PCR Array
RNA was isolated from tumors using Qiagen RNeasy plus mini kit (Qiagen) according to the manufacturer's protocol. Concentration and purity of extracted RNA were determined using the ND-1000 Spectrophotometer (NanoDrop, Wilmington, DE). Total RNA samples were DNase-treated to remove a n y c o n t a m i n a t i o n u s i n g D N A -f r e e R N A k i t (ZymoResearch). All RNA samples were evaluated for quality. One microgram of total RNA was reverse transcribed in a total volume of 20 μl for the synthesis of cDNA (SABiosciences) according to the manufacturer's protocol. A focused real-time PCR array was used to compare the expression of genes associated with Angiogenesis (SABiosciences). Specifically, the Human Angiogenesis PCR Array that contains 84 key genes involved in modulating the biological processes of angiogenesis was used and performed according to manufacturer's instructions using RT 2 SYBR® Green ROX qPCR Mastermix. Each well in the 96-well plate contained specific primers for each gene. Each group (Ishikawa, Ishikawa+benign, Ishikawa+LG-CA, Ishikawa+HG-CA) treated with E2 or E2+P4 was done in triplicate (n=3 tumors). All reactions were carried out on an ABI QuantStudio 12K Flex Sequence Detection System (Applied Biosystems, Foster City, CA) for 40 cycles (95°C for 15 s, 60°C for 1 min) after 10-min incubation at 95°C. Analyses of the raw data were done through the Superarray Data Analysis Web Portal (SuperArray Bioscience Corp.).
Immunohistochemistry
Tissues were fixed in formalin and paraffin-embedded. Five to 6-μm tissue sections were placed on glass slides. Sections were deparaffinized and stained using the Envision DAB HRP kit (Dako) or hematoxylin and eosin (H&E). Heatinduced epitope retrieval was performed in a 10 nM sodium citrate buffer with 0.05 % Tween (Sigma) at pH 6.0 pre-heated to 99°C. Slides were placed in sodium citrate buffer for 45 min. Slides were cooled to 30 min at room temperature and washed in 1× TBS-T for 5 min. The Dako EnVision HRP IHC kit was used according to manufacturer specifications. Tissue sections were incubated with primary antibodies 4°C overnight in a humidified chamber. Antibodies used were cytokeratin (Cell Signaling), CD10 (Pierce), Ki67 (Abcam), cleaved caspase-3 (Cell Signalling Technology), PR (Dako), and CD31 (Santa Cruz). Slides were washed in 1× TBST with gentle agitation. The appropriate antimouse or antirabbit secondary antibodies were applied to the tissue sections. The DAB solution was applied. The length of the reaction varied with each antibody but was consistent across all xenografted tumors. Mayer's hematoxylin was used as counterstain. The sections were then placed in a solution of 28 % ammonium hydroxide and then rinsed. The sections were dehydrated via two changes of 95 % ethanol, two changes of 100 % ethanol, and two changes of Xylene. The sections were then mounted onto coverslips using Cytoseal XYL mounting media (Richard-Allan Scientific). The slides were then visualized and images captured using the Leica DM5000B Microscope. CD31 quantitation was done by counting the number of CD31 stained vessels in three random fields per tumor. Four tumors from each treatment group were quantified.
Statistical Analysis
Statistical analysis was performed using Prism software (v5; GraphPad, San Diego, CA). p values ≤0.05 were considered significant. Data from the BrdU incorporation and IGFBP1 assays were analyzed using the unpaired t test. For tumor growth curves, linear regression analysis was done and the slope and intercept were compared between growth curves. Statistical significance of tumor sizes at specific time points was determined with multiple t tests using the Holm-Sidak method, with alpha=5.000 %. Statistical significance for CD31 staining was determined using the Holm-Sidak multiple t test comparisons, with alpha=5.000 %.
Results
Differential Response of Stromal Cells to Hormones
Human endometrial stromal cells were isolated from patients with histopathology-confirmed benign endometrium (benign), low-grade endometrial cancer (LG-CA), and high-grade endometrial cancer (HG-CA) (Fig. 1) . The stromal cell isolates were >95 % free of endometrial epithelial cells as demonstrated by immunofluorescence microscopy utilizing vimentin to identify stromal cells and cytokeratin to identify the epithelial cells (Fig. 1) . No significant differences in morphology were observed among the benign, LG-CA, and HG-CA stromal cells.
The stromal cell response to hormone exposure was examined by culturing stromal cells in E2 and MPA. Treatment of benign stromal cells with E2 and MPA significantly inhibited stromal cell proliferation as measured by BrdU incorporation compared to vehicle alone (Fig. 2a) . In contrast, HG-CA stromal cell proliferation was minimally affected by the addition of E2+MPA while LG-CA stromal cells exposed to E2 and MPA exhibited a more varied proliferative response. The proliferative response of HG-CA stromal cell isolates was significantly different when compared to responses of either benign or LG-CA cells (p<0.01). Chronic exposure to progestins in vivo causes endometrial stromal cells to decidualize. In vitro, decidualization has been characterized, in part, by the secretion of IGFBP-1 by endometrial stromal cells [15] . Compared to vehicle control, exposure to E2 and MPA resulted in significantly increased production of IGFBP-1 by benign stromal cells (p<0.01) but not stromal cells from endometrial cancer patients (Fig. 2b) . In order to determine if decreased progesterone receptor expression was responsible for this impaired response to hormonal exposure, we performed immunofluorescence microscopy for PR. PR was present in all three isolates at similar levels (Fig. 2c) .
Influence of Stromal Cells on Endometrial Tumor Growth
It has been demonstrated that endometrial stromal cells release important paracrine factors that mediate the hormone response of epithelial cells [22, 5] . The impact of stromal cells from LG-CA and HG-CA as well as from benign endometrium on endometrial tumor growth was further explored using a subcutaneous xenograft model. Nude mice were ovariectomized, and a mixed population of Ishikawa cells with stromal cells from benign, LG-CA, or HG-CA were grafted subcutaneously. Mice were treated with exogenous E2 (1.6 μg/day) or E2 and P4 (2.5 mg/day) and growth of tumors was monitored. For this experiment, stromal cells derived from two patients were combined and mixed with Ishikawa cells prior to injection. In response to E2, all tumors grew over a period of 32 days. In response to E2 alone, the presence of benign and HG-CA stromal cells and, to a lesser extent, LG-CA stromal cells increased tumor size compared to Ishikawa cells alone (Fig. 3a) . Statistical analysis revealed a significant difference in the slopes and intercepts of the growth curves of tumors from Ishikawa alone compared to Ishikawa + benign stromal cells (slope, 2.67±0.95 vs 8.31± 1.7, p<0.01), indicating an increased growth rate in the presence of stromal cells. This difference was significant by day LG-CA, and HG-CA stromal cells 18 . Similarly, the presence of HG-CA stromal cells increased tumor growth significantly in the presence of E2 compared to Ishikawa cells alone demonstrated by increased slope of growth curves (2.67±0.95 vs 9.48±2.2, p<0.01; Fig. 3a) . The presence of LG-CA cells appeared to increase tumor growth (slope, 2.67±0.95 vs 6.71±2.1, p=0.06); however, the difference in slope as well as tumor sizes at each time point compared to Ishikawa (no stromal cells) tumors did not reach statistical significance, due to variability between tumors.
The addition of P4 influenced tumor growth as well, and this was dependent on the type of stromal cells present. First, the addition of P4 did not affect growth of xenografted tumors from Ishikawa cells alone, compared to E2 treatment during the 32-day period of growth ( Fig. 3b) . Similarly, the presence of LG-CA stromal cells mixed with Ishikawa cells did not significantly affect tumor volume in response to E2+P4 (Fig. 3d) . In contrast, treatment with E2+P4 attenuated the growth of tumors when Ishikawa cells were mixed with HG-CA or benign stromal cells, compared to E2 alone (Fig. 3c, e) . H&E staining and immunohistochemical analysis were done on representative xenografted tumor sections for cytokeratin, CD10, Ki67, progesterone receptor, and CD31 ( Fig. 4; Supplementary Fig. S2 ). Ishikawa cells stained intensely for cytokeratin (Fig. 4a) , as well as Ki67 (Fig. 4c) , indicative of active proliferation. Stromal cells stained with CD10 ( Fig. 4b) and revealed low density of stromal cells in all the mixed xenografted tumors examined. There was no obvious staining for Ki67 in the stromal cells, indicating no active proliferation in these cells. In all tumors, progesterone receptor expression was seen in the Ishikawa cells and also evident in most CD10 + stromal cell elements (Fig. 4d) . The staining patterns of CD10, Ki67, and PR did not differ significantly between the three tumor isolates (benign, LG-CA, HG-CA). CD31 which is a marker for endothelial cells was evident within the tumors and surrounding the tumor grafts. Quantitation of CD31 vessels within tumors revealed lower numbers of stained vessels in tumors treated with E2 with LG-CA and HG-CA stromal cells compared to tumors with benign stromal cells. CD31 levels in tumors treated with E2+P4 did not differ from E2 treatment for any of the tumors. Areas of necrosis were observed in the tumors (Supplementary Fig. S2 ) that may be indicative of insufficient access to nutrients.
Role of Stromal Cells on Angiogenesis-Associated Genes
Since it has been shown that stromal cells can secrete paracrine factors to regulate angiogenesis [7] , we hypothesized that factors that govern angiogenesis may be responsible, in part, for the clear differences in hormonal responsiveness observed when Ishikawa cells were co-cultured with benign and HG-CA stromal cells. We therefore looked at the expression pattern of genes known to influence angiogenesis using an RT-PCR-based focused array. Tumors from four groups were assessed in triplicate: Ishikawa alone, Ishikawa+benign, Ishikawa+LG-CA, and Ishikawa+HG-CA. Two comparisons were done. The first was a comparison in fold changes of gene expression between Ishikawa only and the presence of stromal cells. Significant fold differences (p<0.05) of 1.5 or larger are shown in Supplementary Table S1 . Of the 84 genes represented in this array, a total of 26 genes were significantly altered when stromal cells were present (benign 16, LG-CA 11, HG-CA 21). All three stromal cell isolates shared six genes in common and three of these genes were members of the TGF family (TGFA, TGFB2, and TGFBR1), which were significantly decreased when stromal cells were present (Fig. 5a) .
A second comparison was made between E2 and E2+P4 treatments within each tumor group (Fig. 5b) . Of the 84 genes represented in this array, a total of 32 genes were significantly altered with E2+P4 compared to E2 treatment (Supplementary Table S2 ). Tumors from Ishikawa cells alone exhibited 11 genes significantly decreased with P4 treatment, despite no significant alteration in tumor growth from E2, suggesting that these genes may not be directly associated with growth of tumors. Tumors with benign stromal cells exhibited alteration of 24 genes by P4, the highest number, among the tumor groups. Tumors with benign and HG-CA stromal cells exhibited a growth-restricted response to P4, and the one common gene significantly altered in these two groups that was not in the Ishikawa only or in the LG-CA groups was VEGFC. Moreover, tumors with HG-CA stromal cells were smaller with E2+P4 compared to E2 alone, and 10 genes were significantly decreased. However, when P4 responsive genes were compared between HG-CA and the non-responding groups, Ishikawa only and LG-CA, only VEGFC was differentially regulated in HG-CA. These data suggest that VEGFC may be a hormonally responsive gene that affects tumor growth in the presence of benign or HG-CA stromal cells.
Discussion
The endometrium is one of the most responsive tissues to sex steroid hormones, estrogen and progesterone. Type 1 endometrial cancer is a hormone-dependent disease and thus, in order to understand the biology of endometrial cancer growth and progression, it is important not only to determine how hormones drive the cancer cells but also to study the important paracrine actions of the microenvironment. This is especially relevant for the endometrium since stromal cells are highly responsive to hormones and they have been shown to secrete key paracrine factors that affect the epithelial cells [26] . Our study demonstrated that stromal cells from the benign and cancerous endometrium respond differently to estradiol and progesterone. Furthermore, stromal cells significantly influenced hormone-driven growth of endometrial tumors in vivo.
Our in vitro studies investigating hormone response of benign and cancer-associated stromal cells from the endometrium demonstrated that cancer-associated stromal cells respond differently to E2 and MPA. The decrease in proliferation did not occur and IGFBP1 secretion was blunted in the cancerassociated stromal cells. Factors which contribute to blunted progesterone response in cancer-associated endometrial stromal cells remain to be elucidated. We and others have demonstrated that activated signaling pathways promote progesterone resistance that is observed in endometrial stromal cells, specifically from the disease of endometriosis [1, 12, 21, 25, 46] . This includes blunted decidualization in response to progestin treatment. The tumor microenvironment has been deemed an inflammatory site with dysregulated secretion of cytokines and inflammatory mediators [24] , leading to hyperactivation of signaling pathways. In addition, chronic inflammation could lead to epigenetic changes within the chromatin and transcriptional machinery affecting the progesterone receptor transcriptional function in these cells. This could explain the blunted proliferation and decidualization in the low grade and high grade-associated stromal cells in response to estradiol and progestin treatment. The tumor growth promoting properties of benign stromal cells were demonstrated in this study. One of the reasons why stromal cells from benign endometrium are able to promote tumor growth in response to E2 may be because stromal cells are responding to exogenous E2 and P4 and secreting the necessary growth-promoting paracrine signals. In a normal setting, this would allow proliferation of the endometrium as a whole, including epithelial cells. When mixed with tumor cells, however, we would expect the same paracrine signals to promote growth of cancer cells. In the same context, P4 would attenuate E2-driven growth, which is what was observed in this study.
LG-CA stromal cells were not as responsive to E2 and P4 for reasons discussed above and thus insufficiently released the paracrine factors that promote growth, or attenuation of growth. The response to hormones in the presence of HG-CA, however, was different. We observed that these tumors behaved similarly to those that contained benign endometrial stromal cells, for reasons that remain unknown. It is possible that other pathways aside from those that directly control proliferation and decidualization are involved in controlling tumor growth through indirect mechanisms. It is obvious, however, from these data that stromal cells from a lowgrade tumor are different from those from a high-grade tumor underscoring the biological difference between low-grade and high-grade tumors. Identification of mutational status, hormone response genes, and pathways between the low-grade and high-grade endometrial cancers will help us to better understand the complex paracrine interactions between cancerous epithelial cells and the underlying stroma. It is important to note that tumors were treated with hormones from the time of xenografting for a duration of 32 days. Whether longer treatment with hormones is necessary to observe differences of the tumors with LG stromal cells remains to be tested.
Our findings are novel as examination of endometrial cancer epithelial-stromal cell interactions have to date been limited to in vitro culture systems, co-culture with benign stromal cells only, or paracrine activity of cancer-associated stromal cells in the absence of hormonal influence. Arnold et al. demonstrated that conditioned media collected from benign endometrial stromal cells decreased proliferation of Ishikawa cells [6] . Subramaniam et al. showed that conditioned media from cancer-associated stromal cells promoted proliferation of two endometrial cancer cell lines and primary epithelial cell isolates [41] . Our in vivo experiments show that the presence of stromal cells from benign, HG-CA, and LG-CA increases growth of tumors. It is important to note not only the difference in the model systems (in vitro vs in vivo) but that exogenous estradiol was given to ovariectomized mice. Arnold et al. demonstrated that stromal cell isolates from cancer-free patients exhibited greater proliferation when grown on plastic surfaces compared to growth on a basement membrane extract (Matrigel) or in contact with epithelial cells [5] . Similarly, stromal cells in our xenografts exhibited no visible Ki67 staining indicative of minimal proliferation. The relatively small population of stromal cells remaining at the end of the hormone treatments were supportive of minimal proliferation. Consistent with this observation, Hu et al. demonstrated that fibroblasts, while important for establishing xenograft tumor initiation, do not survive long in xenograft tumors [20] . It does appear that in this system, an ongoing stromal cell presence may be required to maintain hormonal regulation, such that once the stromal compartment has become so small, the Ishikawa-alone growth program may be re-established in all tumors and growth then becomes regulated by other microenvironmental interactions, such as angiogenesis.
It is clear from various model systems that reciprocal interactions between tumor cells and their microenvironment drive the processes of tumorigenesis including proliferation, invasion, and metastasis [37] . For example, in a prostate cancer xenograft model, normal stromal cells do not stimulate SV40-initiated epithelial cells to proliferate when co-cultured in collagen gel within the male mouse renal capsule. In contrast, cancer-associated stroma did stimulate the same epithelial cells to proliferate [33] . Similar findings have been described in other xenograft and tissue culture models suggesting that both stromal and epithelial compartments must be abnormal to promote tumorigenesis [10] . It is interesting that despite altered in vitro responses to hormone exposure, high-grade endometrial cancer-associated stromal cells continued to exhibit hormone responsiveness to the endometrial cancer cell line. This model may be further explored to elucidate the mechanism of action of systemic hormone therapy with the goal of optimizing response rates that have been relatively poor [38, 35, 36] .
Quantitation of CD31 staining differed in tumors treated with E2 with LG-CA or HG-CA stromal cells compared to tumors with benign stromal cells. Interestingly, CD31 staining varied considerably in Ishikawa tumors without stromal cells which made it difficult to compare levels with other tumors. CD31 vessel staining was also not uniformly dispersed within the tumors and vessel sizes differed. Whether the presence of stromal cells affect vessel branching and localization which ultimately affects growth of the tumor remains to be determined. The real-time PCR array of genes associated with angiogenesis revealed that numerous genes were differentially regulated depending on the type of stromal cell isolates present, or in response to P4. If genes were grouped according to differential expression associated with tumor growth, for example, the influence of stromal cells on estradiol-driven tumor growth, six genes-EPHB4, PECAM1, SERPINE1, TGFA, TGFB2, and TGFBR1-emerged. TGFB function varies widely in a context-dependent manner [27] . The exact contextual elements dictate whether TGFBs function to suppress or promote tumorigenesis [28] . In the human uterus, TGFB mRNA and protein expression can be detected in both glandular and stromal cell types but are expressed at higher concentrations in the stromal compartment [17, 9] . Studies that characterize the effect of TGFBs in Ishikawa cells have primarily used TGFB1; exposure of Ishikawa cells to TGFB1 in most of these studies resulted in an inhibition of proliferation [30, 39, 4] . Tanwar et al. [43] demonstrated that deletion of APC in the stromal compartment of the endometrium in mice resulted in the development of glandular hyperplasia that progresses to endometrial carcinoma. They also demonstrated that the mutant APC resulted in the suppression of TGFB and BMP signaling supporting the involvement of TGFB in the stromal/epithelial paracrine communication.
VEGFC was the one gene that correlated with significantly altered expression and decreased tumor growth in response to P4. VEGFC has been shown to be associated with promoting aggressive behaviors of tumors including lymphangiogenesis and lymph node metastasis [40, 47, 2, 44] . In addition, hormones can regulate VEGFC expression [40, 47] . VEGFC is an angiogenic growth factor that is expressed in the endometrium [29, 16] . VEGFC has been associated with promoting endothelial cell functions, vascular permeability and angiogenesis in endometriosis [45, 42] , and endometrial cancer [11] . It is possible that VEGFC, through stromal cells, may promote angiogenesis to promote tumor growth and that treatment with P4 decreases the production of this growth factor, decreases angiogenesis, and thereby attenuates tumor growth.
In summary, we have demonstrated that cancer-associated stromal cells of the endometrium respond differently to progesterone and influence tumor growth depending on the grade of the tumor (low vs high) they were associated with. Furthermore, stromal cells from benign, LG-CA, and HG-CA potentiated tumor growth in response to estradiol. Angiogenic genes are significantly altered in tumors depending on the presence of stromal cells and the hormone treatment. The identification and study of important paracrine factors will shed light on the mediators of tumor progression and allow us to identify novel targeted therapies specific for this disease.
